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ABSTRACT 

We have used the Australia Telescope Compact Array (ATCA) to make observa- 
tions of a sample of eight young ultra-compact Hii regions, selected on the basis that 
they have associated class II methanol maser emission. We have made observations 
sensitive to both compact and extended structures and find both to be present in most 
sources. The scale of the extended emission in our sample is in general less than that 
observed towards samples based on ZR^^S properties, or large single-dish flux densities. 
Our observations are consistent with a scenario where extended and compact radio 
continuum emission coexists within Hii regions for a significant period of time. 

We suggest that these observations are consistent with a model where Hii evolution 
takes place within hier archically stru ctured molecular clouds. This model is the subject 
of a companion paper l|Shabala et al . 2004) and addresses both the association between 
compact and extended emission and UCHii region lifetime problem. 
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.'^ 1 INTRODUCTION 

X 

Ultra-compact Hll regions (UCHll) arguably represent the 
■ " " ■ earliest stage of high-mass star formation that can be re- 
liably identified. As such they have been the focus of 
intensive investigation, particularly since the first large 
scale int erferometric survey of this class of sources by 
IWood fc' ChurchwcU (1989b). This survey detected com- 
pact radio continuum emission towards two-thirds of the 
sources searched, a much higher fra ction than expected. 
Simple modelling of Hll regions Ce.g. lKahn|[l954l) suggests 
that the ultra-compact phase should be short lived and 
hence seen in only a small fraction of sources. This discrep- 
ancy (known as the UCHll lifetime problem), is thought 
to be due to the presence of an additional confinement 
mechanism which partly counteracts the expected pres- 
sure driven expansion. Numerous mechanisms have been 
suggested to reduce the expansion rate of Hll regions, e i- 
ther through confinement due to in fall jReid et alJll98CD . 
bow sh ocks (jVan Bur en e t al ]|1990|) dense warm environ- 
ments JPe Free. R odrigue Tfc Gosj ll995l) , turbulent pres- 
sure l|Xie et al.l 119991 . or other means such as photoe- 
vapouration of circumstellar d iscs iHoUenbach et al. .1994) 
and m ass-loaded stellar wi nds ([P yson^ Williams fc RedmanI 
[l9^. Champagne fiows jTenorio-Tadd Il979^ have also 
been invoked as a means of extending the lifetime of the 
ultra-compact phase of Hll regions. Although each model 



appears able to explain some objects, none seem to be uni- 
versally valid. The UCHll lifetime iss ue has been most re- 
cently reviewed bv lKurtz etai] (l2000l) . 

A second observational challenge related to UCHll re- 
gions has recently emerged from their apparent associa- 
tion with extended radio continuum emission. The major- 
ity of interferometric observations of UCHll regions have 
been sensitive to emission on angular scales of the order 
of 1 -10 arcseconds. How ever, surveys bv lKurtz et alj lll999l) 
and lKim fc Kocj i200 j) have shown the presence of signif- 
icant emission on larger scales towards the majority of the 
UCHll regions observed. Morphologically the extended emis- 
sion appears to be directly associated with the UCHll re- 
gions (rather than a projection effect) and this is supported 
by observations of radio recombination lines jKim fc Kod 
'2001*). The coexistence of a compact, high-emission measure 
region within a larger diffuse, lower-emission measure zone 
is not predicted by models which solve the lifetime prob- 
lem through confinement. It may be broadly consistent with 
replenishment sol utions, such as photoev apouration of cir- 
cumstellar disks jHoUenbach et alj[T993) . but no detailed 
work to predict Hll region morphology has been undertaken 
for this model. 

A scenario which addresses both the lifetime problem 
and the extended emission problem is the following : 

(i) A high-mass star commences nuclear fusion in the core 



2 Ellingsen, Shabala & Kurtz 



and starts ionizing the surrounding neutral material, rapidly 
forming a UCHll region. 

(ii) Soon after, a zone of more diffuse ionized gas begins 
to form surrounding the UCHll region. Over time the size of 
the diffuse region grows and the compact region begins to 
dissipate. 

(iii) Eventually the compact region dissipates entirely and 
we are left with a classical Hll region. 

There may be some Hll regions that do not follow this sce- 
nario, such as those associated with later type stars that 
produce relatively few ionising photons, where it is possible 
that no diffuse ionized region forms ( Shabal a et al. 2004). 
However, here we are interested in the large fraction of Hll 
regions that have been observed to exhibit both compact 
and more diffuse emission. 

We will leave aside for the moment the question as to 
how this scenar io occurs, this is add ressed in more detail 
in section HI and Ishabala et al.l i2004) . Our scenario is con- 
sistent with current observations, as any observation made 
with an interferometer at high resolution during stage (ii) 
will detect compact emission and observations made with 
lower resolution will detected extended emission. All we re- 
quire to solve the dual observational challenges of lifetime 
and extended emission is that the timescale over which com- 
pact and extended emission coexist is long enough to explain 
the observed excess of UCHll regions. On the basis of vari- 
ous arguments given bv lKurtz et al.l ll200Cfl this is estimated 
to be approximately a factor of 5 (although uncertain by a 
factor of 2) and so using 3 x 10* years as an estimate for the 
lifetime of the UCHll phase (Wood fc Churchwell 1989a) . 
we estimate stage (ii) to be of the order of 10^ years. 

If the scenario outlined above is correct then the flux 
density and radius of the diffuse extended emission will 
increase with time. Very young Hll regions will have lit- 
tle or no associated extended emission, while older regions 
will have a significant amount. Masers are thought to trace 
the early stages of high-mass star formation and so we 
would predict that Hll regions with associated masers should 
show little or no extended emission. Class II (e.g. 6.7-GHz) 
methanol masers are believed to e xclusively trace the early 
stages of high-mass star formation iMinier et alj200^ . This 
contrasts with the other common masing molecules OH 
and water which are associated with more than one type 
of astrophysical object. Many 6.7-GHz methanol masers 
have no assoc i ated centim etre radio co ntinuum emission 
jPhilhps et al.l Il998: Wal sh et alj [l99i), but are associ- 
ated with millimetre and sub-millimetre continuum e mission 
jPestalozzi. Humphrevs fc BoothI l2002l: IWalsh et aL ,2003 ) . 
This suggests that many class II methanol masers trace a 
pre-UCHll phase, and for those where there is an associ- 
ated UCHll region it is young. Analysis of the scale-height 
of 6.7-GHz methanol masers in the Galaxy shows that it is 
significa ntly smaller than any ot her extreme Population I 
objects ivan der Wah et alj[l99^ . 

To test the scenario outlined above we have selected 
a sample of eight UCHll regions associated with 6.7-GHz 
methanol masers. Assuming that this criteria selects young 
Hll regions then we predict they should exhibit relatively 
lit tle extended emissio n co mpared with t he reg ions observed 
bv lKurtz et all lll999t) and lKim fc Kool feOOll) . 



2 OBSERVATIONS & DATA PROCESSING 

Eight UCHll regions associated with 6.7-GHz methanol 
masers were imaged with the Australia Telescope Compact 
Array (ATCA) in the 750D configuration. For the 750D ar- 
ray the minimum baseline length is 107 m and the maximum 
is 719 m. The observations were made on 1999 July lOfcll, 
with all sources being observed on both days to improve 
the overall uv coverage. For each of the UCHll regions a 3- 
minute scan was both preceded and followed by a 1-minute 
scan of a phase calibrator. Over the two days sources were 
observed approximately 20 times, for a total onsource inte- 
gration time of approximately 1 hour. The correlator was 
configured to record a 128-MHz bandwidth, centred at a 
frequency of 8.64 GHz. The data were calibrated using the 
miriad software package applying the standard techniques 
for ATCA continuum observations. The data for each day 
were calibrated separately and merged into a single dataset 
for imaging. Table Q lists the fields imaged, the RMS level 
in the residual image and similar information for the related 
6-km array observations (see below). 

Imaging and self-calibration of the data was under- 
taken in difmap. To identify all sources of emission within 
the primary beam a 2048x2048 arcsecond image, centred 
at the phase centre was created and cleaned. The difmap 
model was then discarded and the image re-cleaned and self- 
calibrated with a small loop gain and clean boxes around 
all emission regions. The amplitude corrections applied by 
self-calibration were typically small (a few percent or less), 
indicating good basic calibration of the data. The only ex- 
ceptions were the few sources that exhibited significant ex- 
tended emission that was not well sampled with the 750D 
array. For the majority of the sources the resulting RMS 
after imaging was 1 mjy beam~^ or less. 

High resolution ATCA observations have been pub- 
lished in the literature for G 318.91-0.16, G 33 9.88- 
1.26, NGC6334F jEUingsen. Norris fc McCu^ochlll996^ and 
G308.92-f0.12, G 309.92-H0.48. G 336.41-0.26 jPhillips et alJ 
11998) . The imaging method ology used for the 7 50D obser- 
vations was based on that of iPhillip s e^L| 1^9^ and so for 
consistency the sources observed bv lEUingsen et al.1 lll99eh 
were re-imaged using the same approach. The remaining two 
UCHll regions (G 328.81-f0.63 and G 345.01-hl.79) had not 
previously been imaged at high resolution and sensitivity. 
These sources were observed at 8.59 GHz with the ATCA 
in the 6A configuration on 1994 July 4 (G 328.81+0.63) and 
July 5 (G 345.01+1.79). These data were calibrated using 
the AIVS software package, applying the standard tech- 
niques for ATCA continuum observations. Imaging was un- 
dertaken in difmap, using the same approach as for the 
750D observations. PKS1934-638 was used as the primary 
flux density calibrator for all observations, its flux density 
at 8.59 and 8.64 GHz was assumed to be 2.86 and 2.84 Jy 
respectively. 



3 RESULTS 

Figures 11181 show contour plots of radio continuum images 
for each of the eight flelds (containing a total of 11 Hll re- 
gions) . In each figure (except Fig. |7J panel a shows a 50 x 
50 arcsec 8.6-GHz image made using a 6-km array, panel b 
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Table 1. The fields imaged in tiie 750D array with the ATCA. The listed IRAS sources are all within 30 arcsec of the 6.7-GHz methanol 
maser position, except for G 318.95-0.20, where the separation is 144 arcsec. 



Field 


Right Ascension 


Declination 


RMS in 


6km Obs. 


RMS in 6km 


Associated 


Name 


(J2000) 


(J2000) 


resid. image 


Reference 


resid. image 


IRAS source 








(mJy beam— 1) 




(mJy beam— 1) 




G 308.92+0.12 


13:43:02 


-62:08:51 


0.1 


PhilliDS et al. { 19981 


0.2 


13395-6153 


G 309.92+0.48 


13:50:42 


-61:35:10 


0.2 


PhilliDS et al. (1998") 


0.3 


13471-6120 


G 318.95-0.20 


15:00:55 


-58:58:42 


1.0 


this work 


0.2 


14567-5846 


G 328.81+0.63 


15:55:48 


-52:43:07 


0.5 


this work 


0.5 


15520-5234 


G 336.40-0.25 


16:34:11 


-48:06:26 


0.2 


PhilliDS et al. (1998) 


1.5 




G 339.88-1.26 


16:52:05 


-46:08:34 


0.08 


EUingsen et al. ( 1996) 


0.15 


16484-4603 


G 345.01+1.79 


16:56:48 


-40:14:26 


0.2 


this work 


0.5 


16533-4009 


NGC6334F 


17:20:53 


-35:47:01 


2.2 


EUinesen et al. (1996) 


59.0 


17175-3544 



shows a 5 X 5 arcmin 8.6-GHz image obtained using a 750-m 
array and panel c shows a 10 x 10 arcmin 843-MHz MOST 
image from th e Molonglo Galactic Plane Survey (MGPSl) 
jGreen et al-li gog) for sources where they are available. The 
location of 6.7-GHz methanol maser clusters is marked with 
a plus symbol. The maximum angular resolution of the 6-km 
array observations is approximately 1 arcsec and the largest 
angular scales that can reliably be imaged is approximately 
15 arcsec. For the 750-m array observations the angular res- 
olution is approximately 7 arcsec and the largest angular 
scale that can be detected is of the order of 50 arcsec. The 
MGPSl images have an angular resolution of 43 arcsec and 
the RMS noise is typically 1-2 mJy beam~^. The peak and 
integrated flux density for the ATCA observations are listed 
in Table|21 These observations are at the same frequency and 
have comparable angular scales and sensitivi t ies to the VLA 
B- and D-array observations of lKurtz et alJ (Il999t). I n con- 
trast to the IRAS selected Hll regions of lKurtz et al.l where 
many of the D-array images (equivalent to the 750-m array 
images) show significant extended emission, for our sample 
that is not the case. The only source which shows significant 
large scale structure is G 336.41-0.26 and in this source the 
compact region lies at the edge of the diffuse emission and 
so is probably not directly associated. 

Our sample was selected on the basis of having a de- 
tected UCHll region with an associated 6.7-GHz methanol 
maser site, the o nly ex ception being G 318.95-0.20 for which 
lEllingsen et al.l lll99d) detected no radio continuum emis- 
sion at the maser site, but did detect an Hii (G 318.91-0.16) 
region associated with IRAS 14567-5846 which is 2 arcmin 
away. Our 750-m array observati ons are consistent with the 
higher resolution observations of lEllingsen et all 1^9^, de- 
tecting radio continuum emission only at the IRAS site and 
not at the maser location. Three additional regions of ra- 
dio continuum were detected which are not associated with 
methanol maser emission. G 345.00+1.79 and G 345.01+1.82 
can clearly be see in Fig.|71and NGC6334E is present to the 
north-west of NGC6334F in Fig.jSjD and dominates the emis- 
sion in Fig. jSJ;. 

3.1 Individual sources 

G 308.92+0.12: This Hll region has a core-halo morphology 
and in terms of the size of the emission region seen in the 
6-km array image (Fig. ^) i t is one of the largest Eissociated 
with a maser in this sample. iPhilhps et ai] i 19981) found the 



6.7-GHz methanol masers are located near the northern tip 
of the region, offset by approximately 5 arcsec from the peak 
of the radio continuum emission and suggest that it is likely 
there is more than one ionizing source present. This is sup- 
ported by mid-infrared observations which detected a strong 
11.5-/im point source associated w ith the maser locatio n, but 
nothing at the Hll region peak JPhillips et alJl2004^ ■ The 
750-m array image (Fig. ^) shows that the true extent of 
the Hii region i s significantly l arger than suggested by the 
observations of IPhillips et alJ il998l) and slight extensions 
are present to the north-west, east and south. The 750D 
observations show that the flux density is increasing with 
decreasing baseline length, suggesting there may be more 
flux density present on still larger scales. The MOST im- 
age (Fig. 0;) lends some support to this showing possible 
extension to the north-west. 

G 309.92+0.48: This Hll region [IRAS 13471-6120) is 
the most compact in the sample with Table |5| showing only 
8 per cent more integrated flux density in the 750-m ar- 
ray observations than in the 6-km, the lo west ratio ob- 
served . The 6-km array image (Fig. Hi) of IPhiflips et alJ 
il998l) shows slight low-level extension of the main feature 
with a second region with a peak flux density of 5.4 mJy 
be am"*^ to the north-east. Ob s ervati ons at 10.8 and 18.2/^m 
bv lDe Buizer. Pina fc Telescol ll2000l) detect strong emission 
associated with the Hll region and a weaker more deeply 
embedded source associated with the weak radio continuum 
emission to the north-east. iPhilhps et ai] ^1998^ found the 
6.7-GHz methanol masers to be located close to the peak 
of the Hii region. The 750-m array image (Fig. j^t) also 
shows small deviations from a point source with lower level 
contours slightly extended to the north-east, south-east and 
west. 

G 318.91-0.16: The Hll region shown in Fig.^{IRAS 
14567-5846) has a shell morphology at the highest resolu- 
tions. There is no compact radio continuum emission asso- 
ciated with the maser s to a 5-cr level of 0.82 mJy beam~^ 
jElhngsen et alj 119961) and we did not detect any diffuse 
emission with a 5-a limit of 5 mJy beam~^. The Hll region 
is quite symmetrical in the 750-m array image (Fig. Et), 
but shows increasing flux density with decreasing baseline 
length. This, combined with low-level extension to the south- 
west (also present in the MOST image Fig.jHJ:) suggests fur- 
ther extended emission is present on still larger scales. 

G 328.81+0.63: The Hll region {IRAS 15520-5234) 
shown in Fig. appears to be a partial superposition of 
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Figure 1. Radio continuum images of G 308.92-1-0.12 (a) 8.59- 
GHz ATCA 6-km image of the compact emission (PhilliDS c t al.l 
ll99S^ (b) 8.64-GHz ATCA 750-m image of the extended emission 
c) 843-MHz MOS T image of the large scale continuum emission 
Green et alll999h . The location of the 6.7-GHz methanol maser 
cluster is marked with a plus symbol. The squares in (b) and (c) 



Figure 2. Radio continuum images of G 309.92-1- 0.48 (a) 8.64- 
GHz ATCA 6-km image of the compact emission iPhiUips et al.l 
Il998h (b) 8.64-GHz ATCA 750-m image of the extended emis- 
sion (c) 843-M Hz MOST image of the large scale radio contin- 
uum emission iGreen et al.l[l99sh . The location of the 6.7-GHz 
methanol maser cluster is marked with a plus symbol. The squares 
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G318.91-0.16 8.59 GHz, ATCA 6A config. 
Peak : 40.7 mJy/beam 
Contours at % : -4 4 8 16 32 64 
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Figure 3. Radio continuum images of G 318.91-0.16 (a) 8.59-GHz 
ATCA 6-km image of the compact emission (b) 8.64-GHz ATCA 
750-m image of the extended emission (c) 843 -MHz MOST imag e 
of the large scale radio continuum emission iCreen et al.|[l99gn . 
The squares in (b) and (c) show the area covered in figures (a) 
and (b) respectively. 



two nearby sources, a point source and a c ometary Hll 
region . Our image is consistent with that of IWalsh et alJ 
l|1998h . but our higher dyn amic ra nge better reveals the 
cometary morphology. Walsh et al.l found the majority of 
6.7-GHz methanol masers to be located near the peak of 
the cometary region, but offset slightly in the direction of 
the unresolved peak. There is a single maser spot offset by 
approximately 3 arcsec from the others , close to the peak 
of the unresolved continuum em ission llNorris et alJll99.?l : 
iDodson. Qiha fc Ellingsenll2004 . Mid-infrared observations 
bv TD^Bufze^r£dTl2000r detect at least 6 sources in this 
region and morphological comparison with the radio contin- 
uum emission suggests that the masers are coincident with 
the peak of the infrared emission. The 6-km image shows 
continuous low-level extensions to the north and south, and 
regions of emission further north and south are suggestive 
of large scale extensions not satisfactorily imaged with this 
array configuration. The 750m array image shows slightly 
resolved, nearly symmetrical emission with the flux density 
near constant on baselines shorter than 30kA. 

G 336.41-0.26: There is a large amount of extended 
emission in the vicinity of this Hll region and this is re- 
sponsible for the poor d ynamic range of bo th the 6-km 
and 750-m array images. IPhillips et alJ l)l99ijl report four 
sites of 6.7-GHz methanol maser emission in this field, but 
none are directly associated with the strongest compact 
radio continuum emission in the region. Single featured, 
weak masers are associated with the continuum emission 
in Fig. IKK immediately to the west (G 336.409-0.257) and 
north-west (G 336.410-0.256) of the Hll region. Fig. ISja and 
[3: show a ridge of extended emission running south-west 
to north-east with the four maser sites lying along a line 
with the same position angle as the southern edge of the 
ridge. Interestingly there is no compact emission associ- 
ated with the other two maser sites (G 336.404-0.254 & 
G 336. 433-0.262) each of wh ich contains multiple compo- 
nent s.|D^^^^e^^^i] i200(J) didn't detect any mid-infrared 
emission associated with the G 336.433-0.262 masers, but 
the other masers and compact radio continuum peak were 
not within the field of view of their observations. For this 
source it would appear that the extended emission is not 
directly associated with the UCHll region, as it lies at the 
edge, rather than near the centre. MSX images of the same 
region in the E-band (21 ^m) show a similar morphology to 
the MOST image. We suggest that something has triggered a 
new epoch of star formation that we see projected along the 
southern edge of radio continuum emission associated with 
a previous episode. If this is the case then there are likely to 
be are a number of millimetre continuum sources along this 
southern ridge (corresponding to the maser locations) that 
will in time produce detectable Hll regions. 

G 339.88-1.26: This Hll region {IRAS 16484-4603) is 
relatively weak and the 6-km image (Fig. (S^) shows signs 
of low- level extended emission, particularly to the north- 
east and north-west. The image in Fig. [S^ is based on the 
same c alibrated data set as that presented bv lEllingsen et all 
1199^, but has been cleaned and self-calibrated using 
difmap for consistency wit h the treatment appli ed to the 
other sources in the sample. lEllingsen et alJ il996h estimate 
G 339.88-1.26 to be produced by a BO. 5 star. H igh resolu- 
tion mid-infrared observations bv lDe Buizer et 'al. (2002lJ 
show three sources near the Hll region, elongated perpen- 
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Figure 4. Radio continuum images of G 328.81-1-0.63 (a) 8.59- 
GHz ATCA 6-km image of the compact emission (b) 8.64-GHz 
ATCA 750-m image of the extended emission (c) 843- MHz MOST 
imag e of the large scale radio continuum emission iCreen et alj 
Il99flr . The location of the 6.7-GHz methanol maser cluster is 
marked with a plus symbol. The squares in (b) and (c) show the 



Figure 5. Radio continuum images of G 336.41- 0.26 (a) 8.64- 
GHz ATCA 6-km image of the compact emission iPhiUips et al.l 
199fil (b) 8.64-GHz ATCA 750-m image of the extended emission 
c) 843-MHz MOS T image of the large scale continuum emission 
Green et alll99sl) . The location of the 6.7-GHz methanol maser 
clusters are marked with plus symbols. The squares in (b) and 
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dicular to the radio continuum emission. The relative aUgn- 
ment of radio and mid-infrared em ission is not certain, with 
that proposed by IPe Buizer et alJ being predicated on the 
argument that the Hll region is associated an star visible 
at optical and near-infrared wavelengths located in front of 
the mid-infrared source. A counter argument to this is that 
there should be no compact radio continuum emission, nor 
6. 7- GHz methanol masers remaining if the exciting star is 
optically visible. The 750-m array image (Fig. |^) shows 
significant extended emission and the additional low-level 
features surrounding the main region suggests that there is 
additional flux on still larger scales. 

G345.01+1.79 This Hii region {IRAS 16533-4009) is 
very compact with less than 10 per cent more integrated 
flux density in th e 750-m array observations than for the 6- 
km. IWalsh et all ^1998^ found that the 6.7-GHz methanol 
masers are offset to the west of the centre of the Hll 
region. G 345.01-1-1.79 holds the distinction of exhibiting 
methanol mas er emissi on in m ore transitions than any other 
known source JVarttsl ir998: Va l'tts et aDll999l:ICragg et alJ 
l200]Jl . The mid-infrared emission is also compact, being per- 
haps marginally resolved at 18.2^m (JZ)e Buizer et al. 2 00^ . 
There are two additional radio continuum sources in the 
same field of view, a lower surface brightness region to the 
south-west of about 12 arcsec in size (G 345.00-1-1.79) and a 
compact region to the north-west (G 345.014-1.82) shown in 
Fig. ITJj. There is no MGPSl image for this source as it lies 
more than 1.5 degrees from the Galactic Plane. 

NGC6334F: This cometary Hll region (IRAS 17175- 
3544) lies in a star formatio n region that has been ex- 
tensi vely studied at r adio jR odriguc z. Canto fc MoranI 
I l982^. submillimetre JSandelL .gOOal . near infrared 

1 Straw. Hvland McGreeoil Il989^ mid infrared 
Kraame^^Lr^ggT iand x-ray fSokimoto et al. 2000) 
wave l engths and in molecular linos (Kraomor & Jac ksonI 
Il999l: iMcCutcheon et ai]l2000l) . There are six Hll regions 
in the N GC6334 region of which F (Fig. ^) is the most 
compact iRodriguez et al] ll982'). The profusion of sources 
in, and the large number of observations of the NGC6334 
region has lead to a complex and con fusing nomenclature 
which is detailed in the appendix of iKraemer fc JacksonI 
|l99i). The NGC6334F Hii region is referred to as 
NGC6334I in infrared observations and here we have used 
the nomenclature appropriate to each wavelength. 

NGC6334 provides nice a demonstration as to why 
class II methanol masers are thought to trace only the early 
stages of high-mass star formation. There are four sites of 
6.7-GHz methanol masers in the NGC6334 region, two are 
close to NGC6334F (Fig.|HJi), with one projected against the 
leading edge of the Hll re gion and the se cond offset to the 
north-west 6 arcseconds iEUingsen et aLl figgO). The third 
6.7-GHz methanol maser G 351.54-1-0.66 (Fig. |SJd) is asso- 
ciated with the high-mass class candidate NGC6334I(N), 
altho ugh offset from the peak of the dust continuum emis- 
sion iSandeli l2000l) . The final 6.7-GHz methanol maser 
G 351.16-1-0.70 is associated with the NGC6334V region 
which also has water and ammonia maser emission. The 
NGC 6334 region also contains th ree sites of OH maser emis- 
sion jBrooks fc WhiteoaklEool . The strongest of these is 
coincident with the methanol masers in NGC6334F, while 
NGC6334V and the more evolved regions NGC6334A also 
have OH masers. The two class II methanol maser sites 
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Figure 6. Radio continuum images of G 339.8 8-1.26 (a) 8.59- 
GHz ATCA 6-km image of the compact emission lEllingsen et al.l 
Il99fil) (b) 8.64-GHz ATCA 750-m image of the extended emission 

1 c) 843-MHz MOS T image of the large scale continuum emission 
Green et alll99'9l) . The location of the 6.7-GHz methanol maser 
cluster is marked with a plus symbol. The squares in (b) and (c) 
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G345.01 + 1.79 8.59 GHz, ATCA 6A config. 
Peak : 232 mJy/beam 

Contours at % : -0.5 0.5 1 2 4 8 16 32 64 



without associated OH maser emission both appear to be 
young star forming regions. NGC6334I(N) is cold, dense, 
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Figure 7. Radio continuum images of G 345.01-1-1.79 (a) 8.59- 
GHz ATCA 6-km image of the compact emission (b) 8.59-GHz 
ATCA 6-km image of the compact emission from the Hll re- 
gion G 345.01-1-1.82 (c) 8.64-GHz ATCA image of the extended 
emission from the G 345.01+1.79 region. The location of the 6.7- 
GHz methanol maser clusters are marked with plus symbols. The 
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is a deeply embedded mid-infrared source approximately 
6 arcsec to the northwest of NGC6334I/NGC6334F. It is 
much stronger at 18 th an 10 /xm with a dust temperature 
of about 110 K (.De Buizer et al.| r2002a'). The astrometry of 
iDe Buizer et al.l j2002'aF ' find the methanol masers to be pro- 
jected against mid-infrared emission, but offset by more than 
an arcsecond from the peak. They suggest that the methanol 
masers may instead be associated with a se condary peak in 
the NH3(3,3) emission jKuiper et alJll995l) . In either sce- 
nario the methanol masers are associated with a very young 
source. 

NGC6334F is the brightest Hll region in our sample 
and Fig. |H] shows significant extension in both the 6-km and 
750-m array images. The dynamic range of images of this 
region are limited by the presence of nearby more extended 
Hll regions. NGC6334E can be seen in Fig.|5lD offset to the 
north-west and there are signs of NGC6334B to the south- 
west, which is clearly seen in the MOST image (Fig. |HJ;). 
Fig-ISt shows that NGC6334E has an angular size of approx- 
imately 50 arcseconds, significantly more than the 20 arcsec 
estimate of iRodriguez et all (fl982) and demonstrates that 
as expected our 750-m array observations are able to image 
emission on this scale. The location and size of E are well 
matched to a void in the dust and molecular emission in th e 
NGC6334 region dSandelll lioool: iMcCutcheon et alJbOOOTl . 
these have presumably been destroyed and driven away by 
UV photons and stellar winds. 



4 DISCUSSION 

Comparison of F ig. 11181 with comparable figures in 
iKurtz et alJ lll999ll qualitatively shows that degree of ex- 
tended emission in our sample is in general much less. The 
6-km and 750-m ATCA observations were made at the same 
frequency and have comparable sensitivity in both scale size 
and intensit y to th e B- and D-array VLA observations of 
iKurtz et alJ jigg Sl and so the differences cannot be at- 
tributed to observational effects. Good quantitative mea- 
sures of the degree of extended emission are difficult, due 
to the often complex morphology of the extended emission. 
One simple means is to compare the peak and integrated in- 
tensity and the relative intensity between observations made 
in different array configurations. For a point source the peak 
flux measured in mjy beam~^ will be equal to the integrated 
flux density measured in mJy. So the amount by which the 
integrated fiux density exceeds the peak flux is a measure of 
the percentage of emission present on scales larger than the 
synthesised beam of the observations. Similarly, a compar- 
ison of the integrated intensity of the 6-km and 750-m ar- 
ray observations gives a direct measure of the percentage of 
emission resolved out by the higher resolution observations. 
These quantities are summarised in Table|5| The integrated 
flux reported in the table is from a boxed region that encom- 
passes the emission to the level of the lowest contour shown 
in the figures. 

A direct quantitative comparison of the amount of ex- 
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Table 2. The peak flux density, integrated flux and RMS noise level in the residual image for 11 Hn regions. Sources indicated with a * 
do not have an associated 6.7-GHz methanol maser. There is no emission sufficiently compact to be imaged in the 6km array associated 
with NGC6334E. 



Source 


6km Array Observations 


750m Array Observations 


Ratio of 




Peak Flux 


Integrated 


Peak Flux 


Integrated 


750m Int. to 


750m Int. to 




Density 


Flux 


Density 


Flux 


750m Peak 


6km Int. 




(mJy beam^^) 


(mJy) 


(mJy beam~^) 


(mJy) 






G 308.92+0.12 


25.0 


363 


263 


488 


1.86 


1.34 


G 309.92+0.48 


320.9 


679 


671 


730 


1.09 


1.08 


G 318.91-0.16* 


40.8 


1078 


725 


1513 


2.09 


1.40 


G 328.81+0.63 


239.2 


1680 


1461 


2033 


1.39 


1.21 


G 336.41-0.26 


7.4 


35 


28 


39 


1.39 


1.11 


G 339.88-1.26 


7.6 


10 


6.6 


22 


3.33 


2.20 


G 345.01+1.79 


232.1 


273 


286 


298 


1.05 


1.09 


G 345.00+1.79* 


7.3 


62 


60 


128 


2.13 


2.06 


G 345.01+1.82* 


54.6 


139 


145 


176 


1.21 


1.26 


NGC6334F 


479.6 


2694 


2130 


4622 


2.17 


1.71 


NGC6334E* 






417 


5100 


12.23 





tended emission in Hn regions with and without associated 
class II methanol masers is shown in Fig. |5| A sample of 
22 sources has been compile d, the 11 reported in the cur- 
rent work and the 11 from iKurtz et alJ (llQQST) for which 
emission was detected in the D-a rray observations. W e have 
not included the observations of lKim fc Kool (|200]J) in this 
analysis as they are sig nificantly dif ferent from those we re- 
port here and those of iKurtz et al.L For the current obser- 
vations we have calculated the ratio of the integrated to 
the peak flux density for each source detect ed in the 750- 
m array observations, while for iKurtz et al.l we have taken 
the ratio of the integrated flux density within a 50 arcsec 
square at the centre of the field to the peak fiux density 
for the D-array observations (columns 5 & 4 of their Ta- 
ble 4). There are a total of eight sources in the sample 
with associated methanol masers, the s even from th e cur- 
rent work, plus IRAS 18496+ 0004 fromlKurtz et all IRAS 
22543+6145/Cep A from the iKurtz et al.l list also has an 
associated 6.7-GIIz methanol maser maser, but no emission 
is reported in their D-array observations. There are fourteen 
sources in the sample w ithout associated m ethanol masers, 
the ten sources for which lKurtz et al] lll999fl list D-array ob- 
servations and four sources from the current work (marked 
with an asterisk in Table |2l • Although the sample size is 
small, there is a clear tendency for sources with associated 
methanol masers to have quantitatively less extended emis- 
sion. Three of the eight sources (38 per cent) with associated 
6.7-GHz methanol masers have a ratio of integrated to peak 
fiux density greater than 1.5 (G 308.92+0.12, G 339.88-1.26 
and NGC6334F). In contrast eleven of the fourteen sources 
without an associated 6.7-GHz methanol maser (79 per cent) 
have a radio greater than 1.5. High-mass stars form in clus- 
ters and so we expect that for some regions the observed 
radio continuum emission will be due to more than one ion- 
izing source, possibly at different evolutionary stages. Con- 
sidering that this will confuse the simple scenario we have 
outlined and dilute the difference between the two samples, 
the difference we find is striking. 

A fundamental issue relating to Hll regions with both 
compact components and extended emission is whether they 
are truly associated, that is are they both produced by a sin- 



gle exciting star? iKurtz et al.l 1^93) argued on the basis of 
morphology that in the majority of cases where they see 
extende d emission it is as sociated with the compact com- 
ponent. |Ki^^^^o3 ll200 j) made single dish recombination 
line observations towards their sample and found that in 
all but one case both the compact and extended compo- 
nents have the same approximate velocity. For our sample 
of Hll regions associated with methanol masers the limited 
degree and morphology of the extended emission observed 
in most cases strongly suggests that it is associated w i th the 
compact region. This is confirmed bv lShabala et all (|20o3) 
which used the ATCA in the 750D array to make recombi- 
nation line observations of the same sample of Hii regions. 
Recombination lines were detected towards five of the eight 
sources and in each case the moment maps demonstrate that 
the compact and extended emission are associated. 

Our results a nd those of IShabala et alJ i2004l) and 
iKurtz et alJ il999h appear to be consistent with the sce- 
nario outlined in the introduction. This scenario is appeal- 
ing as it explains both the lifetime problem and association 
between compact and extended emission. It is also consis- 
tent with the observation that the majority of IRAS sources 
with colours consistent with UCHl l regions do n ot have as- 
sociated 6.7-GHz methanol masers dSzvmczak fc Kus 200(|). 
Our observations suggest that those Hn regions with associ- 
ated 6.7-GHz masers are the young ones, while those with- 
out are likely to exhibit significant extended radio contin- 
uum emission in addition to any compact components. The 
remaining hurdle for our sce nario is a plausible mechanism 
through which it can occur. iKim fc Koj §00?) suggested 
that the association between compact and extended radio 
continuum emission in Hn regions may be due to cham- 
pagne flows in a hierarchically structure molecular cloud. 
Shabala ct al. (2004) have used recombination line observa- 
tions and information from the literature to derive a number 
of physical parameters for the Hn regions in this sample. 
They have modelled the evolution of Hn regions in a hierar- 
chical molecular cloud formation and flnd good agreement 
between the observed and predicted radii and emission mea- 
sures. 

There is a well known tendency for the stellar type as 
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Figure 9. The distribution of integrated to peak flux density 
ratios for 750-m/D- Array observations. The solid line histogram 
shows the distribution for radio continuum regions with associ- 
ated class II methanol masers and the dashed line shows the distri- 
bution for radio continuum regions without associated methanol 
masers. 



estimated from the IR luminosity (typically IRAS observa- 
tions) to exceed that obtained using the radio flux density. A 
variety of explanations have been forwarded for this, includ- 
ing that at the spatial resolution of IRAS the IR luminosity 
measured is that for the cluster, rather than for an individ- 
ual star and that dust absorbs some of the UV flux from the 
star, hence reducing the radio flux density. Our observations 
and those of lKurtz et all 11999) and Kim & Koo ( 2001) sug- 
gest that another factor in the discrepancy between IR and 
radio determined spectral types is that most high resolution 
interferometry observations significantly underestimate the 
total radio flux density from the Hll regions due to their 
insensitivity to the extended component. This effect will be 
greatest for older Hll regions where the fraction of the total 
flux density in the extended state becomes a signiflcant. 



5 CONCLUSIONS 

Observations of eight Hll regions associated with 6.7-GHz 
methanol masers find a significantly lower degree of ex- 
tended emission associated with these sources than in other 
samples. We suggest that this is consistent with a scenario 
where both compact and diffuse ionized structures co-exist 
for a significant fractio n of Hll region lifetimes. Modelling 
bv lShabala et al.l (|20o3) of high -mass stars forming in hier- 
archically structured molecular clouds is consistent with our 
observations and appears to provide a consistent solution for 
the lifetime problem. 



Figure 8. Radio continuum images of NGC6334 F (a) 8.59-GHz 
ATC A 6-km image of the compact emission lEUingsen et al.l 
Il99fil) fb') 8.64-GHz ATCA 750-m image of the extended emis- 
sion (c) 843-MHz MOST image of the large scale emission 
iGreen et alll99sl) . The location of the 6.7-GHz methanol maser 
clusters are marked with plus symbols. The squares in (b) and 
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